Lipid-protein interactions in membranes are dynamic, and consequently are well studied by magnetic resonance spectroscopy. More recently, lipids associated with integral membrane proteins have been resolved in crystals by X-ray diffraction, mostly at cryogenic temperatures. The conformation and chain ordering of lipids in crystals of integral proteins are reviewed here and are compared and contrasted with results from magnetic resonance and with the crystal structures of phospholipid bilayers. Various aspects of spin-label magnetic resonance studies on lipid interactions with single integral proteins are also reviewed: specificity for phosphatidylcholine, competition with local anaesthetics, oligomer formation of single transmembrane helices, and protein-linked lipid chains. Finally, the interactions between integral proteins and peripheral or lipid-linked proteins, as reflected by the lipid-protein interactions in double reconstitutions, are considered. D
Introduction
Because of the favourable time scale of nitroxide EPR spectroscopy (see e.g., Ref. [1] ), spin-labelled lipids at the intramembranous perimeter of integral proteins are resolved spectrally from those in the fluid bilayer regions of the membrane. In this way, the stoichiometry and specificity of lipid interactions with membrane-penetrant proteins may be determined. An association constant for equilibrium lipid exchange at the protein interface:
is defined for each site by:
where L b i and L b i * are the moles of unlabelled and labelled lipid that are associated at site i, and L f and L f * are defined similarly for the free (i.e., non-associated) lipid populations. The average relative association constant, K r L , that is measured by EPR at low label concentrations is given by [2, 3] :
where n i is the number of association sites of type i and N b ¼ P i n i is the total number of lipid association sites at the intramembranous surface of the protein. In a standard EPR experiment, the fraction, f, of spin-labelled lipid L that is motionally restricted at the protein surface is given by [2, 3] :
where n t is the total lipid/protein mole ratio in the sample, and K r L is defined relative to the background unlabelled host lipid of the membrane. The stoichiometry (i.e., N b ) and selectivity (i.e., K r L ) of lipid interactions with a wide range of integral membrane proteins have been determined by this method, either in reconstituted systems or in natural membranes that are specifically enriched in a particular transmembrane protein. These results have been reviewed in a previous issue of this journal that was devoted to lipidprotein interactions [4] . This latter review also contains a consideration of the membrane insertion of soluble (but membrane-penetrant) proteins, such as apocytochrome c and myelin basic protein.
The dynamic ordering of the lipid chains at the protein interface is studied less readily by spin-label EPR than are the stoichiometry and selectivity of interaction. This is because the dynamics of the protein-associated lipid chains lie in the so-called slow-motional regime (which is the reason that they can be resolved spectrally). In this regime, the lipid chain ordering can be determined only from EPR studies on aligned membranes. This has been done for oriented rod outer segment discs, from which it was concluded that there is a wide orientational distribution, i.e., a considerable degree of disorder, of the lipid chain segments associated with rhodopsin [5] . Information on lipid ordering at the protein interface that is obtained from 2 H-NMR of deuterated lipid chain segments is more indirect in the sense that this lipid population is not resolved specifically on the 2 H-NMR time scale. All lipid environments are in fast exchange on the much slower NMR time scale, and chain ordering at the lipid-protein interface is reflected by that of the mean order parameter hS mol i for all lipids [6, 7] . A general feature found from such measurements is that the orientational order of the lipid chains at the protein interface is not greatly different from that in fluid lipid bilayer membranes [8, 9] . This is a necessary requirement for good matching between the hydrophobic span of the protein and that of the fluid lipid chains [10] . However, although the mean order parameter changes relatively little, the spread of chain order parameters increases progressively with the amount of protein in the membrane [11] . This suggests that a more heterogeneous environment exists at the protein-lipid interface than in the bulk fluid regions of the membrane.
Recently, the number of structures of transmembrane proteins that have been obtained by X-ray crystallography has increased considerably. In several cases, this now extends to detection of a number of phospholipids (or glycolipids) that remain associated with the integral proteins in crystals (see Table 1 ). The first part of this review is devoted to describing and contrasting those features of membrane proteins in crystals that are relevant to the abovementioned magnetic resonance studies of lipid-protein interactions in fully hydrated lipid membranes at near-physiological temperatures. The stoichiometry of lipid association at the intramembranous perimeter of the protein is investigated by model building. The molecular configurations of the lipid molecules in protein crystals are analysed in terms of those in single crystals of phospholipids and of the dynamic configurations in fluid phospholipid bilayers. Finally, the static distributions of lipid chain order parameters that are calculated from the crystal structures are compared with the dynamic lipid chain order parameters determined by magnetic resonance.
The second part of this review is devoted to further spin-label EPR results on lipid-protein interactions that were not included in the previous review of this series [4] . Various aspects of lipid interactions with single proteins are dealt with: specificity for phosphatidylcholine, competition with local anaesthetics, oligomer formation of bitopic proteins, and protein-linked lipids. This is then followed by examples of the interaction of membranespanning proteins with peripheral and lipid-anchored proteins that are investigated via the lipid-protein interactions in double-reconstituted systems.
Stoichiometry of lipid interactions with integral proteins
Lipid-protein titrations with reconstituted membranes have established that the number of motionally restricted lipids per protein, N b , is independent of the total lipid/protein ratio, n t [2, [32] [33] [34] [35] [36] [37] [38] [39] [40] . In this sense, the motionally restricted lipids can be defined operationally as a first shell surrounding the protein. It is therefore expected that this fixed lipid stoichiometry is related directly to the transmembrane [41] :
where D a and d ch are the diameters of an a-helix and a lipid chain, respectively, (D a /d ch c2.1), and n a N1. For a single transmembrane helix, N b c10-12. Eq. (4) also applies to protein oligomers, if the monomers are roughly circular in cross-section and are packed in a manner similar to that assumed above for a-helices. Then D is the diameter of the protein monomer and n is the aggregation number. If, on the other hand, the oligomer packing is tighter and preserves the helical sandwich motif throughout the oligomer (i.e., the individual helices, rather than the whole proteins, are packed according to Eq. (4)), the number of perimeter lipids per monomer is given from Eq. (4) by:
where n agg is the number of monomers per oligomer. This simple model approximates reasonably well the lipid stoichiometries that are determined by spin-label EPR for small proteins, but overestimates the stoichiometry of the motionally restricted lipids for larger proteins [41] . A more detailed estimate of the number of first-shell lipids can be obtained from the crystal structures of integral membrane proteins by using molecular modelling [42] . Fig. 1 shows the structure of bovine rhodopsin (Ref. [43] ; PDB 1L9H), together with space-filling models of dimyristoyl phosphatidylcholine (myr 2 PtdCho). The lipid chains are shortened from their all-trans length (by using a tether function-Ref. [44] ) and positioned vertically around the protein to achieve good hydrophobic matching. They are close-packed around the protein by applying external inward-directed forces to each lipid atom. The structure is energy-minimised by using the MM3 force field [45] .
Previously, the above procedure was applied successfully to lipidation of the M13 phage coat protein, when analysing results from site-directed spin-labelling of the protein [46] . Twelve dioleoyl phosphatidylcholine molecules can be accommodated around the single transmembrane helix of this bitopic protein. This latter value agrees well with the number of motionally restricted lipids associated with the L37A mutant of phospholamban, for which mutation of the leucine zipper in the single transmembrane helix prevents oligomer formation [40] . The wild-type M13 coat protein itself forms oligomers in dioleoyl phosphatidylcholine bilayers [38] .
The number of dimyristoyl phosphatidylcholine lipids that can be accommodated around the intramembranous perimeter of the rhodopsin structure in Fig. 1 is ca. 27F2. For comparison, the number of lipids motionally restricted by bovine rhodopsin reconstituted in dimyristoyl phosphatidylcholine bilayers is 22F2 [36] . Corresponding values in native membranes are: 25F3 and 23F2 lipids per rhodopsin for bovine and frog rod outer segment discs, respectively [47, 48] . The prediction from Eq. (4) is N b =24 for a seven-helix sandwich. Thus all estimates agree reasonably well, in this case. The motionally restricted lipid population that is detected by spin-label EPR approximately is sufficient to constitute a complete shell of lipids surrounding the intramembranous perimeter of rhodopsin. Also, Eq. (4) gives a reasonable approximation for helical sandwiches such as rhodopsin (i.e., for n a~7 ), even when the helices are tilted somewhat. Fig. 2 compares the stoichiometries of motionally restricted lipids associated with various proteins that are determined by spin-label EPR with the numbers of firstshell lipids that are obtained by molecular modelling. The geometric predictions of Eqs. (4) and (5) for monomers and hexamers also are shown, by the solid and dotted lines, respectively. The number of first-shell lipids that can be accommodated around bacteriorhodopsin (N b =24-25) is slightly smaller than for rhodopsin because the helices of the seven-helix bundle are tilted less in bacteriorhodopsin than in the G protein-coupled visual receptor. Both are in approximate accord with spin-label EPR experiments and estimates from Eq. (4). For both the SERCA Ca 2+ -ATPase and the nicotinic acetylcholine receptor (nAcChoR), the number of lipids motionally restricted is less than the number of first-shell lipids that is obtained by molecular modelling. In the former case, Fig. 1 . Crystal structure of bovine rhodopsin (Ref. [43] ; PDB:1L9H), in ribbon and wire-frame representation, surrounded by a single bilayer shell of energy-minimised myr 2 PtdCho lipids (see text). For clarity, only part of the lipid shell is shown-in space-filling representation [42] .
the number of first-shell lipids lies between the stoichiometries of the Ca 2+ -ATPase and the Na + ,K + -ATPase, both of which are P-type ATPases and are thought to have the same number of transmembrane helices, apart from the extra single transmembrane domain contributed by the h-subunit of the Na,K-ATPase.
The nAcChoR has an extremely angular, star-shaped cross-section [49] . Possibly the intramembranous surface at the apices of the star, which correspond to a single transmembrane helix from each subunit, is insufficient to restrict lipid-chain motion appreciably (see Section 4.3 later, for discussion of single transmembrane helices). The motionally restricted lipids detected by spin-label EPR spectroscopy may constitute only those perimeter lipids that are located in the invaginated regions, along the arms of the star. Spin-label studies with the acetylcholine receptor are described later in Section 4.2.
In conclusion, it should be emphasised that the strategy adopted in the molecular modelling is directed solely at determining the lipid stoichiometry. The aim is to ensure complete filling of volume at the lipid-protein interface, for good hydrophobic matching irrespective of chain configuration. In reality, there may be a mixing of chains between first and second shells, but this does not alter the net stoichiometry of chain segments directly contacting the protein. The molecular modelling is not intended to reproduce the exact chain configurations of the protein-interacting first-shell lipids. This latter topic is dealt with in the forthcoming sections.
Crystals of integral membrane proteins
Several crystal structures of transmembrane proteins in the Protein Data Base now contain one or more associated phospho-or glycolipids (see Fig. 3 and Table 1 ). In most cases, the number of lipids resolved crystallographically is far from sufficient for complete coverage of the intramembranous protein surface. A near-exception is the nine distinct diphytanyl lipids resolved in association with bacteriorhodopsin trimers [29] . It is therefore appropriate to ask whether the lipids that are identified in crystals of membrane proteins correspond to special, i.e., specific, lipid-protein associations. Or are they generally representative of the lipids that surround proteins in fully hydrated fluid membranes, such as those studied by magnetic resonance spectroscopy?
In the following sections, we review the configuration and molecular ordering of the phospholipids and glycolipids that are resolved crystallographically in association with integral membrane proteins. Polar headgroup and glycerol backbone configurations are compared with those in single crystals of synthetic phospholipids and glycolipids (reviewed in Ref. [51] ). The configurational and molecular ordering of the lipid chains is compared with results from magnetic resonance studies.
For comparison with the results on membrane proteins, conformational analysis of phospholipid ligands bound to soluble proteins can be found in Ref. [52] . The definition of the lipid torsion angles that are used for the conformational analysis is given in Fig. 4 . The different rotamers are specified by the following torsion angles: antiperiplanar (ap) or trans (t), 1808; synclinal (Fsc) or gauche ( g F ), F608; anticlinical (Fac) or skew (s F ), F1208; and synplanar (sp) or cis (c), 08. Rotamer populations are described by F308 ranges about these values.
Headgroup conformation
In bilayer crystals whose molecular structures have been determined, the phospholipid headgroup is, without exception, oriented preferentially parallel to the bilayer plane and its conformation is rather constant (see Ref. [51] ). For phosphatidylethanolamine, its N-methyl substituents and phosphatidylcholine, the headgroup conformation in bilayer crystals has the following sequence of torsion angles: a 1 =ap, a 2 =Fsc, a 3 =Fsc, a 4 =ap to Fac and a 5 =bsc, where the upper and lower combinations of signs are mirror images. In bilayer crystals of phosphatidylglycerol, the two optical enantiomers of the glycerol headgroup have the configuration: a 1 =bac, a 2 =bsc, a 3 =bsc, a 4 =Fac, a 5 =ap [53] . The upper sign corresponds to the sn-1 enantiomer that is found naturally in eucaryotes and eubacteria, and the lower sign to the sn-3 enantiomer found in the archaea. Table 2 gives the distribution of the polar headgroup torsion angles for the lipids that are associated with integral proteins in the PDB. The upper row of percentage values gives the populations of the rotamers that constitute the Fig. 2 . Number, N b , of first-shell lipids interacting with different integral proteins composed of n a transmembrane helices per monomer. Solid squares correspond to the first shell of lipids surrounding the X-ray structure of the protein, as determined by model building [42] . Open circles correspond to the motionally restricted lipids that are resolved by EPR spectroscopy (see Ref. [41] , for references). Solid line: prediction of Eq. (4) for helical sandwiches or regular polygons. Dotted line: prediction of Eq. (5) for hexamers (n agg =6). M13, M13 bacteriophage coat protein; PLB, L37A mutant of phospholamban; PLP, myelin proteolipid protein; 16 kD, 16-kDa proteolipid from Nephrops; ADP, ADP-ATP carrier; Rho, rhodopsin; Ca, Ca-ATPase; NaK, Na,K-ATPase; CR, cytochrome reductase; AChR, acetylcholine receptor; CO, cytochrome oxidase. Labels are positioned horizontally to correspond to the appropriate values of n a . preferred conformation for zwitterionic headgroups in bilayer crystals. The second row of percentage values gives the populations that correspond to the preferred a 1 , a 4 and a 5 rotamers in phosphatidylglycerol, and to the rotamer of the energetically second most favourable conformation of the phosphate diester (viz., a 2 /a 3 =Fsc/ap). Of the 50 complete lipid headgroups from the PDB, only one headgroup moiety of cardiolipin associated with the bacterial reaction centre corresponds fully to the conformation found in single crystals of phospholipids. This and eight other lipids have the energetically most favourable Fsc/Fsc phosphate diester configuration. A further 10 lipids have the next most favourable a 2 /a 3 =Fsc/ap configuration. Seventeen headgroup moieties have an energetically disfavoured eclipsed conformation for the a 5 C-C torsion angle.
At the protein interface, the spread of polar headgroup orientations and conformations is therefore much wider than in lamellar crystals of diacyl phospholipids [51, 55] , or in fluid phospholipid bilayers [56, 57] . In nearly all cases, the lipid phosphate is anchored by hydrogen bonding to protein residues (see e.g., Fig. 3A ,B,C). Other specific interactions with the protein also stabilise headgroup conformations that are not found in bilayer crystals. A similar situation is found with the polar headgroups of phospholipid ligands in the binding pockets of soluble proteins [52] . Specific examples of lipid headgroup interactions with integral membrane proteins are discussed in Ref. [54] .
Glycerol backbone configuration
Glycerolipids of eucaryotes and eubacteria have the sn-3 enantiomeric configuration of the glycerol backbone, with the chains attached at the sn-1 and sn-2 positions. Archaebacterial lipids have the sn-1 glycerol configuration, with the chains attached at the sn-3 and sn-2 positions. The enantiomeric configuration can be deduced from the htorsion angles: h 1 Àh 2 =b1208 and h 3 Àh 4 =F1208, with the upper signs for the sn-3 enantiomer and the lower signs for the sn-1 enantiomer, and assuming tetrahedral bond angles (see e.g., Ref. [54] ). With the exception of the two phosphatidylethanolamines associated with chicken cytochrome c reductase and diglycosyl glycerol associated with the bacterial reaction centre, all eucaryotic/eubacterial lipids in Table 1 are the correct glycerol enantiomer. For the archaeal lipids associated with bacteriorhodopsin, however, 5 glycerol structures out of 21 in the PDB are the incorrect enantiomer [54] .
For lipids with the sn-3 phosphatidyl/glycosyl configuration, the torsion angles h 4 and h 2 specify the relative orientations of the sn-1 and sn-2 chains, and the orientation of the headgroup relative to the sn-2 chain, respectively [51] . Gauche (Fsc) rotamers for h 4 allow parallel chain stacking, as in bilayer membranes, and they are favoured energetically for both h 4 and h 2 [58] . Table 3 gives the distribution of glycerol backbone configurations for lipids in integral protein crystals, according to the h 4 /h 2 combination of torsion angles. All those configurations of nonarchaeal lipids with staggered rotamers and parallel-chain orientation are found also represented in bilayer crystals of phospholipids. The relative occurrence in the latter is: 36% sc/sc, 18% Àsc/ Àsc, 6% sc/ap, 9% Àsc/ap and 30% sc/Àsc [51] . Comparison with Table 3 shows that the protein-interacting lipids are relatively enriched in conformations with h 2 =ap. Proteinlipid interactions must outweigh the intramolecular bgauche effectQ that favours h 2 =Fsc rotamers, in these cases. 
Glycerol configurations ap/Fsc that do not allow the parallel chain stacking, which is required in bilayer crystals, are also found for some lipids associated with transmembrane proteins. These, and other similar configurations, are found also for phospholipids in the binding sites of soluble proteins [52] . However, 52% of the configurations of the glycerol backbones of lipids associated with integral membrane proteins have one, or both, h 4 /h 2 rotamers in an eclipsed conformation. These configurations are energetically disallowed for isolated C-C single bonds (see e.g., Ref. [59] ).
Carboxyl ester conformation
Resonance hybridisation of the sp 2 carbon dictates that the ester carboxyl groups of lipid chains should be planar, and trans (ap) [55] . Out of a total of 114 c 2 and b 2 torsion angles for the nonarchaeal lipids in Table 1 , 57% have the trans (ap) conformation. Of the remainder, 30% are ac, 6% are sc and 7% are cis (sp) conformers [54] . The carboxyl torsion angle violations must be attributed presumably either to conformational disorder or to improper optimisation (cf. Ref. [60] ). Archaeal lipids have phytanyl chains that are ether-linked and therefore the c 2 and b 2 torsion angles are less restricted than for ester-linked chains. For the lipids associated with bacteriorhodopsin (see Table 1 ), the 42 c 2 and b 2 torsion angles distribute almost equally between the trans (33%), skew (33%) and gauche (29%) conformers (together with 5% cis) [54] .
Lipid chain configuration
The lowest-energy conformation for the C-C bonds in lipid alkyl chains is the trans (ap) conformer. The other energetically allowed rotamers are the two gauche F (Fsc) conformers (see e.g., Ref. [61] ). Eclipsed conformers are, as already mentioned, energetically disallowed.
Fig . 5 shows the torsion angles c n and b n in the sn-1 and sn-2 chains of the 12 phosphatidylethanolamine molecules associated with the two molecules in the unit cell of Rhodobacter sphaeroides cytochrome c oxidase [13] . Torsion angles c n , b n with n[3 correspond to the C-C bonds in the lipid chain. The chains are predominantly in the trans (ap) configuration. Relatively few gauche (Fsc) rotamers are present. However, there is a rather large population of energetically disallowed skew (Fac) conformations. Some cis conformers are found, exclusively in the sn-1 chain, although cis double bonds are normally confined to the sn-2 chain in naturally occurring lipids. Fig. 6 gives the distribution of chain torsion angles for all the lipids listed in Table 1 . The torsion-angle distribution obtained from a molecular dynamics simulation of fluid phospholipid bilayers is included for comparison. Trans (ap) configurations predominate for the protein-associated lipid chains. Chain disorder, however, is mostly associated with skew (Fac) conformers, rather than with the energetically allowed gauche (Fsc)
rotamers. This suggests that torsion angles apparently in the F(120F308) ranges may, in fact, represent conformational heterogeneity of the lipid chains in protein crystals. A bias towards skew chain conformers, at the expense of gauche rotamers, is found also in crystal structures of phospholipid ligands bound to soluble proteins [52] . In part, such discrepancies might also arise from use of inadequate restraint libraries with which to refine the crystallographic structure [60] . On the other hand, the force fields used in the molecular dynamics simulation that is illustrated in Fig. 6 ensure that only staggered conformers appear in the lipid chains. Of relevance for the lipids associated with integral membrane proteins is the fact that the B-values (or btemperature factorsQ-that are a measure of disorder in the crystal) of lipids in membrane protein crystals are appreciably higher than those for the protein [54] . This is consistent with a distribution of conformations, rather than a single, unique lipid conformer.
Phytanyl chain configurations
The ether-linked phytanyl chains in archaebacterial lipids contain branched methyl groups in the R-configuration at the 3, 7, 11 and 15 positions [64] . Of the 108 chiral centres in the chains of diphytanyl lipids interacting with bacteriorhodopsin that appear in Table 1 , 31% have the Rconfiguration and 69% have the incorrect S-configuration [54] . Only the diphytanyl chains in PDB file 1QM8 [30] have the wholly the correct R-configuration.
The presence of branched methyl groups decreases the stability of trans (ap), relative to gauche (Fsc), for the conformation of the adjacent C-C bonds (see e.g., Ref. [59] ). The diphytanyl chains of the lipids in PDB file 1BRR [27] have a high proportion of gauche rotamers (35% Fsc), and the proportion of skew (Fac) conformers is relatively low [54] . However, not all gauche rotamers are associated with the methyl-substituted C-atoms. Steric interactions of the branched methyl groups with the protein therefore may also serve to increase the population of gauche rotamers. For the remainder of diphytanyl lipid structures associated with bacteriorhodopsin, the population of disallowed, skew eclipsed conformers is considerably higher, in line with the general trend for lipid structures in the Protein Database (cf. Fig. 6 ).
Lipid chain order parameters
The orientation of a lipid chain segment, relative to the membrane normal, is determined by the orientation, h Z , of the chain long-axis, Z, and by the orientation of the chain segment zV-axis relative to the long axis. The long-axis ordering is specified by an order parameter, which is a second-order Legendre polynomial in cosh Z :
where the angular brackets denote an ensemble or time average. The local segmental ordering, S zVzV , is determined by the limited number of distinct orientations that are allowed by the tetrahedral geometry of an sp 3 C-C bond. The latter are specified by the local torsion angle (t, g + ) together with the angle (08, 608 or 908) that the segment axis makes with the initial trans segments (see e.g., Ref.
[61]). Table 4 gives the chain order parameters and local conformational populations that are obtained for three deuteration positions of the sn-2 chain of dimyristoyl phosphatidylcholine in fluid bilayer membranes [65] . The values of the chain long axis order parameter S ZZ are comparable to that which can be estimated for the C(1)-C(3) axis of the glycerol backbone: S C1-C3 c0.44 in dipalmitoyl phosphatidylcholine bilayers at 49 8C (see Ref. [66] ). From the addition theorem for Legendre polynomials, the net segmental order parameter at chain position i is given by: S mol,i =S ZZ ÂS z V z V ,i . These values are also listed in Table 4 .
Comparison of the segmental ordering of the lipid chains in protein crystals with the results from magnetic resonance requires averaging over the chain sites on the protein. The order parameter of segment C i is then given by:
where h i,m is the tilt to the membrane normal of the C iÀ1 -C i+1 vector in chain m, and N ch is the number of chains averaged over. Fig. 7 gives the order parameter profiles of the diphytanyl chains associated with bacteriorhodopsin and of the phospholipid acyl chains associated with S. cerevisiae cytochrome c reductase. For comparison, the chain order profiles at two different temperatures in fluid dipalmitoyl phosphatidylcholine bilayers are also included in Fig. 7 . The order of the protein-associated lipids differs considerably between the two hydrocarbon chains, which is not the case along most of the length of the sn-1 and sn-2 chains in fluid phospholipid bilayer membranes [67] . Further, the order profiles averaged over the two chains differ markedly from those for fluid phosphatidylcholine membranes. The chain Bin size corresponds to a F308 range about each staggered (ap, Fsc) or eclipsed (sp, Fac) rotamer [54] . Dashed lines: distribution of chain torsion angles in fluid lipid bilayer membranes of myr 2 PtdCho from molecular dynamics simulations [63] .
order for cytochrome c reductase lipids is lower, and that for bacteriorhodopsin lipids is consistently higher than the fluid bilayer reference. Table 5 gives the mean segmental order parameters that are averaged over the length of the lipid chain:
where n c À1 is the number of chain segments, i, that are summed over. Also listed in Table 5 =0.08 that is practically constant. Although the data given in Table 5 correspond to those protein crystals with the largest number of lipids associated (see Ref. [54] ), the spread in values of the mean order parameter is wide and the distribution widths are consistently very high, compared with fluid bilayers. The order parameter distribution widths deduced from 2 H-NMR measurements in protein-containing membranes are also larger than those in protein-free lipid bilayers. Fig. 8 gives the mean lipid segmental order parameters and their distribution widths for the visual receptor rhodopsin that is reconstituted in fluid dimyristoyl phosphatidylcholine bilayers at different protein/lipid ratios. The distribution width, but not the mean lipid chain order parameter, increases systematically with increasing protein content. The approximately linear dependence on protein/lipid ratio (as expected for fast exchange) extrapolates to a limiting value of h(S mol À hS mol i) 2 i 1/2 =0.28, at a stoichiometry of ca. 22 lipids/ rhodopsin that is consistent with spin-label EPR measurements [36] . Comparison with Table 5 reveals that the spread of disorder of the lipid chains which are resolved in integral membrane protein crystals is greater than that of the full population of lipids at the intramembranous perimeter of the protein. The crystallographically resolved lipid chains are adapted more intimately to the protein surface, and consequently the mean order parameters do not fulfil so well the energetic requirements for hydrophobic matching with the fluid bilayer lipids.
Conclusions from protein crystals
Conformational violations of the type described in Sections 3.1-3.4 also are not atypical for the structures of lipid ligands in crystals of soluble proteins [52] . Conformational heterogeneity is one explanation for this and indeed has been observed directly in at least one lipid binding site [68] . Nevertheless, the possibility of inadequate refinement [60] must also be considered. Perhaps it is significant to note in this connection that the disorder of palmitoyl-oleoyl phosphatidylcholine in a molecular dynamics simulation of lipids with a bacteriorhodopsin model structure (Refs. [69, 70] ) is associated with staggered, not eclipsed, chain conformations. For eight of the lipids that contact the protein directly, the conformational populations (nN3) are 79% trans, 13% gauche, 4% skew and 4% cis, where the latter is accounted for entirely by the 9,10 double bond of the oleoyl chains. It is worth noting here that one expects chain order parameters to be specified more reliably in the crystal structures than are the individual torsion angles. This is because the chain segment orientation is defined along the direction of the chain long axis, i.e., that of the principal crystallographic electron density. Therefore, more reliance can be put on the segmental order parameters than on the detailed chain conformations.
Configurational disorder and heterogeneity appear to be general features of protein-interacting lipids in crystals [54] . With the possible exception of bacteriorhodopsin, there is little evidence for pronounced ordering of lipid chains that has been a feature of some hard-wall simulations of lipidprotein interactions. Further, it is not possible to invoke lipid chain entropy as a driving force for assembly of protein transmembrane domains, as has been done occasionally. At least some of the lipids resolved in protein crystals-those in well-defined clefts or at the interface between subunits, such as the phosphatidylethanolamines associated with Rb. sphaeroides cytochrome oxidase [13] -are located at specific sites, and therefore may have more narrowly defined configurations than those that are not resolved crystallographically. Energetically favourable hydrophobic matching with the fluid lipid milieu may be achieved better by these unresolved lipids. Additionally, some chain segments of lipids that are not in the first shell may, nonetheless, contact parts of the apolar surface of the protein.
Single proteins
This section deals with various different aspects of lipidprotein interactions studied by spin-label EPR that were not included in the previous review [4] . These comprise: the unusual specificity of bovine seminal plasma proteins for phosphatidylcholine; the action of local anaesthetics at the lipid-protein interface of the nAcChoR; the role of lipids in oligomerisation of the cardiac regulatory protein phospholamban; and the characterisation of avidin/biotin-lipid conjugates as a model for glycosylphosphatidylinositol (GPI)-linked proteins and other proteins with covalently linked chains.
PDC-109 and phosphatidylcholine membranes
Binding of PDC-109-a mixture of glycosylated and nonglycosylated forms of the major protein in bovine seminal plasma-to the sperm plasma membrane results in an efflux of cholesterol and choline phospholipids, a necessary event before capacitation of the sperm can occur [71, 72] . The protein consists of an acidic N-terminal followed by two tandemly repeating fibronectin type-II (Fn-II) domains. Each Fn-II domain contains two extended regions that are predicted to have favourable free energy of transfer to the interfacial region of a lipid membrane (see Fig. 9 ). Only relatively short sections of these regions, [73] . Plotted is the free energy of transfer from water to the membrane interface (solid line) and from the interface to the hydrophobic core of the membrane (dashed line), by using a seven-residue window. Solid and dashed horizontal lines represent energetically favourable regions for transfer to the membrane interface (IF) and to the hydrophobic core (oct-IF), respectively. Dotted horizontal lines designate the two FnII domains. Diamonds represent the five aromatic residues that form the two phosphocholine binding sites [74] .
however, are predicted to penetrate the hydrophobic core of the membrane, as reflected by the octanol-minus-interfacial hydrophobicity scale. Lipid interactions with PDC-109 are of considerable interest because, in contrast to integral membrane proteins [4] , it displays a marked specificity for the zwitterionic phospholipid, phosphatidylcholine [75] . In view of the ubiquitous presence of phosphatidylcholines (or sphingomyelin) in mammalian membranes, proteins that interact with choline lipids are important not only from a structural and functional standpoint, but also with regard to possible pathologies that might arise from specific protein or peptide interactions with these major membrane constituents.
Lipid selectivity of PDC-109
Fig . 10 shows the EPR spectra of different phospholipids spin-labelled on the 14-C atom of the sn-2 chain, and of two steroid-based spin-labels, in bilayer vesicles of dimyristoyl phosphatidylcholine (myr 2 PtdCho) to which PDC-109 has been added. The spectra, all recorded in the fluid phase of myr 2 PtdCho, consist of two components, just as is found with these lipid labels interacting with integral transmembrane proteins. One component in the spectrum is similar to the fluid lipid spectrum from bilayer membranes (shown by the dashed line). The second component (resolved in the outer wings of the spectrum) has a much larger outer hyperfine splitting and represents a lipid population whose acyl chains are in direct contact with the protein. Experiments with phosphatidylcholine spin-labelled higher up the sn-2 chain indicate motional restriction by protein-lipid interaction throughout its entire length [76, 77] .
The relative amounts of the fluid and motionally restricted spectral components in Fig. 10 differ between the different lipid species, reflecting the selectivity of interaction with the PDC-109 protein. Table 6 lists the relative association constants, K r , for the different lipids, normalised to those for phosphatidylcholine, K r PC . These establish a lipid selectivity for interaction with PDC-109 that is in the order phosphatidic acid (Ptd, pH 8.5)N phosphatidylcholine (PtdCho)csphingomyelin (SPM)[ phosphatidic acid (PtdH, pH 6.0)Nphosphatidylglycerol (PtdGro)cphosphatidylserine (PtdSer)candrostanol (ASL)Nphosphatidylethanolamine (PtdEtn)[N-acyl phosphatidylethanolamine (N-acylPtdEtn)Hcholestane (CSL) [76] . With the exception of phosphatidic acid at high pH, the selectivity of PDC-109 is highest for the cholinecontaining phospholipids phosphatidylcholine and sphingomyelin. This is a highly unusual situation compared with spin-label results obtained on selectivity of lipid interaction with integral membrane proteins [4] , where choline phospholipids show little specificity.
The results on interaction with lipid probes in phosphatidylcholine membrane vesicles are in agreement with earlier experiments on binding of PDC-109 to different phospholipids coated on plastic plates [75] . Under the conditions of the EPR spin-label experiments (lipid/protein 2:1 w/w), the lipid vesicles are completely solubilised by PDC-109 producing lipid-protein micelles [76] , a result that undoubtedly is related to the ability of PDC-109 to induce cholesterol efflux from the sperm cell membrane.
Lipid stoichiometry of PDC-109
At saturation binding of PDC-109 to myr 2 PtdCho (i.e., 2:1 w/w), the stoichiometry of the motionally restricted 14-PtdChoSL is rather low and corresponds tõ 5-6 mol/mol. Evidently, only part of the protein directly contacts the lipids. A stoichiometry of~11 motionally restricted lipids is obtained at low protein/ lipid ratio with a short sn-2 chain spin-labelled phosphatidylcholine, assuming that all spin-labels contact PCD-109 more or less directly [79] . The short sn-2 chain PtdCho spin-label is also motionally restricted (to approx. 50%) by interaction with PDC-109 in bovine epididymal sperm cells [77] . Fluorescence titration at super-solubilising protein/lipid ratios yields a stoichiometry of~12 myr 2 PtdCho/PDC-109 [80] , and~10 PtdCho/ PDC-109 in 2:1 mixtures with phosphatidylethanolamine or phosphatidylserine [79] . Also turbidity measurements yield an interpolated stoichiometry of 11 myr 2 PtdCho/ PDC-109 for solubilisation [76] .
Cholesterol potentiation of PDC-109 interactions
Introduction of cholesterol into membranes of myr 2 PtdCho increases the population of motionally restricted lipids induced by PDC-109 at saturation binding [78] . The pattern of lipid selectivity does not change from that found in the absence of cholesterol. This suggests that either the stoichiometry of lipid association sites (N b ), or the amount (1/n t ) of protein bound, increases for cholesterol-containing membranes. The final column in Table 6 gives the ratio of N b /n t for membranes containing 20 mol% cholesterol, to that for membranes of myr 2 PtdCho alone. Because fluorescence titrations have detected no changes by cholesterol in protein binding at saturation [80] , the values in Table 6 most probably reflect an increase in number, N b , of lipid association sites in the presence of cholesterol.
The sterol, spin-labelled androstanol, is also motionally restricted by interaction with the PDC-109 protein (see Table 6 ). The same holds true for a spin-labelled analogue of cholesterol [81] . However, the affinity for the spinlabelled sterol is less than that for spin-labelled PtdCho. Also, the sterols require binding of PDC-109 to PtdCho vesicles for their interaction, because relatively little spinlabelled cholesterol is motionally restricted in vesicles of PtdSer or PtdEtn/PtdCho 1:1 mol/mol [81] .
Nicotinic acetylcholine receptor and local anaesthetics
The nAcChoR is a ligand-gated sodium channel that effects post-synaptic transmission at the neuromuscular junction. The receptor is a heteropentamer, a 2 bcd, composed of four different subunits, all of which surround the channel and contact membrane lipid (see Fig. 11 , upper panel). Local anaesthetics, including tetracaine, procaine, benzocaine and also free fatty acids [82] , function as noncompetitive blockers of the ion channel, i.e., operate at a site other than that for cholinergic agonists. Because of their large number and relatively low affinity, it was concluded that these noncompetitive sites are located at the protein-lipid interface, within the membrane [83] .
Lipid-protein stoichiometry and selectivity of nAcChoR
Spin-label EPR has demonstrated the association of fatty acids and the sterol androstanol at the lipid-protein interface in nAcChoR-rich membranes isolated from Torpedo marmorata electroplax [84] . This was subsequently extended to identify the spin-labelled phospholipid populations at the lipid-protein interface [33, 85] . The lipid interaction stoichiometry for nAcChoR reconstituted in dioleoyl phosphatidylcholine (ole 2 PtdCho) is 38-46 lipids/ protein [33] . That estimated in native nAcChoR-rich membranes is 42F7 lipid sites/268 kDa protein [86] . Recent electron crystallography has shown that the intramembranous domain of the nAcChoR comprises a pentagonal arrangement of four-helix bundles [87] . The number of lipid chains that can be accommodated around the electron crystallographic cross-sections [49] is approximately 40 at the middle of the synaptic leaflet of the bilayer, and 50 at the level of the phospholipid headgroups in the cytoplasmic leaflet [86] (cf. Fig. 11, upper) . For the two bilayer leaflets, this corresponds to 40-50 diacyl lipids (or cholesterol, which has a comparable cross-section) per Fig. 11 . Upper: electron crystallographic profile of the nAcChoR channel viewed from within the membrane plane [49] . The synapse is at the top and the cytoplasm at the bottom. The location of spin-labelled phosphatidylinositol (PI) and local anaesthetic (LA) at the protein-lipid interface is indicated schematically. Lower: EPR spectrum of: left: spin-labelled phosphatidylinositol (14-PtdInsSL) [86] ; and right: spin-labelled derivative of procaine thioester (chemical structure in upper panel) [93] in nAcChoRrich membranes from T. marmorata, T=22 8C. Total scan width=10 mT. Vertical arrows indicate the motionally restricted, protein-interacting spinlabel component in each spectrum.
receptor, in fair agreement with the motionally restricted lipid stoichiometry obtained from spin-label EPR. Molecular modelling, described in Section 2 [42] , reveals that ca. 52F4 diacyl lipids can be accommodated around the perimeter of the nAcChoR structure solved by Miyazawa et al. [87] , which somewhat exceeds the stoichiometry of motionally restricted lipids.
Lipids interacting with the nAcChoR may be divided into a high-specificity group consisting of stearic acid, androstanol, cardiolipin (Ptd 2 Gro), phosphatidic acid (PtdH) and phosphatidylinositol (PtdIns); an intermediate group consisting of phosphatidylserine (PtdSer) and phosphatidylglycerol (PtdGro); and a low-specificity group consisting of phosphatidylcholine (PtdCho), phosphatidylethanolamine (PtdEtn) and cholestane [33, 86] . The selectivity for negatively charged phospholipids correlates with the obligate requirement for anionic lipid, in addition to a neutral lipid component such as cholesterol, to obtain effective reconstitution [88, 89] . In particular, the agonist-induced ion flux response was found to be in the ratio 1:0.7:0.4 for PtdCho/ cholesterol vesicles containing 20 mol% PtdH, Ptd 2 Gro and PtdSer, respectively [89] . Interestingly, the gangliosides G D1b , G M1 , G M2 and G M3 display no selectivity relative to PtdCho for the nAcChoR [86] . They thus belong to the low specificity group of lipids, but are not excluded absolutely from interaction with the receptor.
Spin-labelled local anaesthetics interacting with nAcChoR
Spin-labelled analogues of intracaine [90] and of procaine [91] have been shown to be capable of blocking sodium conduction in nerve. Additionally, spin-labelled fatty acids have been found to exhibit local anaesthetic potency with the nAcChoR [92] .
The EPR spectrum of spin-labelled procaine thioester in nAcChoR-rich membranes from T. marmorata is shown at the lower right of Fig. 11 . The chemical structure of this spin-labelled local anaesthetic is shown at the upper right of the figure. As for spin-labelled phospholipids, the EPR spectrum of spin-labelled thioprocaine consists of two components. One component is identical to that of the spin-label in fluid bilayer membranes of the extracted membrane lipids. The second component (indicated by the vertical arrows in Fig. 11 ) corresponds to spin-labelled anaesthetic molecules undergoing restricted motion at the lipid-protein interface. All spin-labelled local anaesthetic analogues tested display a selectivity, relative to phosphatidylcholine, for interaction with the AcChoR protein [93] . The rightmost column of Table 7 gives the relative association constants, K r LA , for spin-labelled derivatives of procaine and benzocaine, and for a spin-labelled analogue of tetracaine. In each case, the attachment of the spin-label nitroxyl ring is that indicated at the top right of Fig. 11 . Generally speaking, the spin-labelled local anaesthetics can be divided into three groups with respect to their selectivity for the nAcChoR: a high specificity group, such as the thioprocaine and benzocaine derivatives, with K r LA /K r PC N2; medium specificity anaesthetics, such as the procainamide derivative and tetracaine analogue with K r LA /K r PC~1 .6-1.9; and low-specificity anaesthetics, such as the procaine derivative, with K r LA / K r PC \1.3 [93] .
In a way similar to that for the titratable anionic phospholipids (see Ref. [4] ), the population of cationic procaine and thioprocaine local anaesthetics that is associated with the protein depends on the pH and ionic strength [93] . Only in the uncharged form or in the charged form at high ionic strength do these two derivatives express a selectivity of interaction relative to that of phosphatidylcholine (i.e., K r LA /K r PC N1). On the other hand, the specificity of the benzocaine derivative, which lacks the basic side chain, is unaffected by changes in pH and ionic strength. Corresponding differences are found both in steady-state pharmacological effects and in rates of action, between aminated local anaesthetics in their uncharged deprotonated forms and the cationic protonated forms [94] . Of course, pH titration also affects the partitioning of these anaesthetics into the lipid milieu of the membrane [95] .
Competition between local anaesthetics and lipids for nAcChoR sites
The overlap between the association sites for local anaesthetics and those for phospholipids at the proteinlipid interface in nAcChoR-rich membranes is revealed by competition experiments [86] . The fraction of spin-labelled phosphatidylinositol that is motionally restricted (indicated by the vertical arrows at the lower left of Fig. 11 ) is reduced on addition of authentic (i.e., unlabelled) local anaesthetics. The extent of displacement of spin-labelled PtdIns from the lipid-protein interface varies with the different local anaesthetics. The left-hand columns of Table  7 give the results of competition experiments. The ratio, K r (0)/K r (LA), of the association constant for PtdIns in the absence of local anaesthetic to that in the presence of local anaesthetic is related directly to the relative association constant for the unlabelled local anaesthetic itself. Although the relative order differs, the values of K r PI (0)/ K r PI (LA) are comparable in size to the relative association constants, K r LA /K r PC of the spin-labelled local anaesthetics ( Table 7 ). The pattern for association of the different local anaesthetics is probably modified by substitution with the spin-label group, most particularly by removing the C 4 alkyl chain of tetracaine.
Interestingly, the local anaesthetics are not able to compete so effectively with spin-labelled stearic acid as they do with the spin-labelled phospholipid, PtdIns [86] . The effect of the local anaesthetics therefore is not simply one of electrostatic competition at the protein surface, as also can be inferred from the partial displacement of PtdIns by benzocaine. The different degrees of displacement for the two types of spin-labelled lipid further support the proposal that additional sites for fatty acids exist at the intramembranous surface of the receptor, which are different from those for phospholipids [96] . The most recent electron crystallographic model of the nAcChoR channel suggests that alcohols and anaesthetics might bind in water-filled spaces behind the pore-lining M2 helices [87] . The spinlabel results indicate that local anaesthetics can also occupy phospholipid sites. Tetracaine, at least, can occupy sites taken up by fatty acid because this spin-labelled lipid was displaced partially. It is possible that there is no very clear distinction between phospholipid and local anaesthetic sites at the hydrophobic surface of the protein, or at least that some sites may overlap.
Oligomer formation of phospholamban
Phospholamban (PLB) is a 52-residue transmembrane protein (see Fig. 12 ) that exerts a phosphorylation-dependent regulatory effect on the cardiac calcium pump. The functionally active form is the monomer, but the protein has a strong tendency to oligomerise and it has been suggested that the pentamer may be a storage form [98, 99] . Clearly, the aggregation state of the protein in the membrane is a matter of considerable functional interest. Mutation of the three cysteine residues in PLB to alanine leads to loss of pentamer formation in SDS [100] .
EPR of spin-labelled lipids provides a ready means for investigating the oligomerisation state of PLB, via the influence on the stoichiometry, N b
(1) , per monomer of the perimeter lipids [40, 101] . The geometric model for helix packing that is given in Section 2 relates the ideal stoichiometry per monomer, N b (1) , to the number of transmembrane helices, n a , i.e., to the oligomer size [41] :
which is the version of Eq. (5) that is appropriate to bitopic, i.e., single-helix, monomers. Table 8 lists the stoichiometry Fig. 12 . Amino acid sequence of rabbit heart phospholamban. Charged residues are indicated by +,À and phosphorylation sites by asterisks. Secondary structure cartoon corresponds to C41F-pig heart phospholamban in chloroform-methanol [97] . Region marked hhh is a type III turn. Domain IA contains an amphipathic helix and the regulatory phosphorylation sites. Domain IB follows the hinge region and contains a high proportion of amidated residues. Domain II is hydrophobic and constitutes a single transmembrane helix. [40] . A single-residue mutation L37A in the helix contact region converts PLB in ole 2 PtdCho to the monomer. The cysteine-less mutant of PLB is monomeric in the anionic lipid myr 2 PtdGro, but is on average dimeric in the corresponding phosphatidylcholine myr 2 PtdCho. In the unsaturated lipid pal-olePtdCho, the cysteine-less mutant becomes pentameric. In ole 2 PtdCho, however, an intermediate mean degree of oligomerisation is obtained (but note that measurements in ole 2 PtdCho were made at 0 8C, whereas those in all other lipids were at 30 8C). The TM peptide is pentameric in both myr 2 PtdCho and pal-olePtdCho, and only in the anionic lipid myr 2 PtdGro is it monomeric. This suggests that pentamer formation is driven by favourable knobs-into-holes packing of the transmembrane domains, which is destabilised by electrostatic repulsion between the charged cytoplasmic domains [101] .
The monomeric stoichiometry found for the L37A mutant, and for PLB (C36,41,46A) in myr 2 PtdGro, is significant. It is far from self-evident that a single transmembrane a-helix would provide a sufficiently extensive hydrophobic face to induce a motional restriction of the lipid chains such as is produced by large integral proteins. Simple alternating leucine-alanine transmembrane a-helices that are flanked by tryptophan or lysine do not induce a motionally restricted spin-labelled lipid population [103, 104] , nor does the single hydrophobic helix of the lung surfactant protein SP-C [105] . The phospholamban monomer therefore has a particular intramembranous sequence that is able to support motional restriction of adjacent lipids. Possibly this feature also contributes to the propensity for helix-helix interactions, but is not so susceptible to specific disruption by mutation of single residues as in the latter case.
Avidin/biotin-lipid conjugates
The binding of biotin to avidin is one of the highest affinity interactions known in biology; dissociation is totally negligible over the time scale of any experiment [106] . For this reason, avidin (or streptavidin) bound to the biotinylated headgroup of phosphatidylethanolamine (see e.g., Ref. [107] ) serves as a model for covalent lipid anchors of membrane-associated proteins (e.g., GPI-linked proteins). Also, because phospholipases must bind to the lipid headgroups (e.g., Ref. [108] ), the avidin/biotin-PtdEtn system models certain aspects of their interaction with lipids.
The mode of membrane-anchoring of water-soluble avidin was studied by using biotin-phosphatidylethanolamines that are spin-labelled at different positions in their sn-2 chain [109] . The spin-labelled biotin-PtdEtn was incorporated at low concentration (1 mol%) in inert PtdCho membranes to which avidin does not bind. Fig. 13 shows the lipid chain flexibility profile, as a function of position n of spin-labelling, that is registered by the outer hyperfine splitting, 2A max , in the EPR spectra of the various spin-label positional isomers. In the absence of avidin, a systematic decrease in A max is found as the spin-label is stepped down the chain towards the centre of the membrane. Generally speaking, this is a measure of the angular amplitude of motional freedom of the spin-labelled lipid chain segment, and is a characteristic signature of fluid bilayer membranes. The chain flexibility gradient is preserved on binding avidin to the biotin headgroup, but the overall size of A max increases dramatically. This direct and highly specific effect of protein binding corresponds to an upward shift in the flexibility profile by~7 CH 2 units (see Fig. 13 ), which translates to an upward displacement of the biotin-PtdEtn by 0.7-0.8 nm, relative to the PtdCho membrane. Electron crystallography on two-dimensional arrays of homologous streptavidin bound to biotin-PtdEtn monolayers has found that the carboxyl group of the bound biotin is located~0.8 nm from the surface of the underlying lipid layer [111] , as indicated Fig. 13 . Spin-labelled N-biotinyl phosphatidylethanolamine, with (filled circles) and without (open circles) bound avidin, in dimyristoyl phosphatidylcholine membranes. Spin-label outer hyperfine splitting constant, A max , is plotted against spin-label position, n, in the sn-2 chain (data from Ref. [109] ). Inset: the structure of biotin-bound streptavidin from PDB:1STP [110] . The location of the lipid surface is approximately that determined in Ref. [111] .
schematically by the insert in Fig. 13 . This is consistent with the vertical movement deduced from the EPR studies.
Direct evidence for an upward vertical displacement of the biotin-PtdEtn on complexation with avidin comes from EPR measurements of spin-label T 1 -relaxation enhancement induced by differentially located paramagnetic species [112] . Table 9 shows that the relaxation enhancement, DR, of spinlabelled biotin-PtdEtn by aqueous Ni 2+ ions is increased by 24%. That by molecular oxygen, which is preferentially concentrated within the membrane, is decreased by 76%, and that by membrane-bound spin-labelled PtdCho is correspondingly decreased by 60%. The ratio of aqueous to intramembrane enhancements is increased approximately 5-fold by the upward movement of biotin-PtdEtn on binding avidin to the polar headgroup.
This type of vertical displacement is likely to be a general feature of the interaction with proteins, e.g., cholera toxin or anti-cardiolipin antibodies, that bind to lipid headgroups. The enzymes of phospholipid hydrolysis are a further class of examples. In phospholipase A 2 , the active site is located 1.5 nm from the protein surface [108] . A movement of the phospholipid substrate out of the membrane, through a hydrophobic channel that leads to the catalytic site, is therefore required for the enzymatic hydrolysis.
Integral protein/peripheral protein couples
Lipid interactions with single integral proteins have been reviewed previously [4] and in the preceding section. A considerable body of spin-label EPR work also exists on lipid interactions with single peripheral proteins. Some of this latter work was reviewed in Refs. [113, 114] . Far fewer spin-label studies have been undertaken on the mutual interactions of integral and peripheral proteins in defined reconstituted systems. This section is devoted specifically to this aspect of protein-lipid interactions, including proteinlinked lipid chains. The cytochrome c/cytochrome oxidase and myelin basic protein/myelin proteolipid couples are treated here, followed by lipid-linked avidin interacting with the proteolipid protein.
Cytochrome c/cytochrome oxidase couple
Cytochrome c oxidase is a large, multi-subunit integral protein and its redox substrate cytochrome c is a small basic, [32] , and display a selectivity for negatively charged lipids, particularly cardiolipin [115, 116] . Cytochrome c binds to negatively charged lipid membranes at a level of ca. nine lipids/protein at saturation [113, 117] , without appreciable penetration into the hydrophobic core of the membrane [118] .
Bovine cytochrome c oxidase reconstituted in the anionic lipid dimyristoyl phosphatidylglycerol (myr 2 PtdGro) also motionally restricts N b o c55 lipids [119] , a stoichiometry in agreement with that obtained in the zwitterionic lipid myr 2 PtdCho. Binding of cytochrome c increases the number of motionally restricted lipids per cytochrome oxidase, in the coupled system. Fig. 14 gives the population of motionally restricted lipid, normalised to cytochrome oxidase content, as a function of the total myr 2 PtdGro/ cytochrome oxidase ratio, n t . In the absence of cytochrome [120] , and of cytochrome c is from PDB:1AKK [121] . Orientation of cytochrome c at the membrane surface is that determined in Ref. [118] (figure produced with pyMOL; http://www.pymol.org.)
c the stoichiometry remains constant, but in the presence of saturating amounts of bound cytochrome c the motionally restricted lipid population increases progressively with the myr 2 PtdGro/cytochrome oxidase ratio. The stoichiometry becomes greater, the greater is the cytochrome c/cytochrome oxidase ratio, at least up to the highest value of n t given in Fig. 14 . The synergistic effect of cytochrome c can be rather large; the motionally restricted lipid population, per cytochrome oxidase, is more than doubled at the highest lipid/cytochrome oxidase ratio, n t . It is therefore likely that surface-bound cytochrome c propagates the chain restriction induced by cytochrome oxidase to the second and possibly even third shell of lipids surrounding the protein. Cytochrome c binds without restriction to the myr 2 PtdGro cytochrome oxidase membranes, including to the first shell of lipids directly in contact with cytochrome oxidase. Because it binds to about nine myr 2 PtdGro molecules, it could thereby form a surface-bridge between lipids in the first and adjacent boundary shells (see molecular projections in Fig. 14) . Such a propagation mechanism is possible because, although cytochrome c alone does not create a specific population of motionally restricted lipids, it does induce a generalised motional restriction of all anionic lipids to which it binds at saturation [117] .
Cytochrome c, therefore, can induce formation of microdomains containing cytochrome oxidase in which the mobility of the lipid chains is appreciably restricted relative to that in fluid membranes. Comparison with the MBP-PLP couple (which is presented in the next section) suggests that preconditions for this mechanism are that the inducing protein binds the lipids directly contacting the integral protein, and possibly also that it does not itself penetrate the membrane. A qualitatively similar phenomenon is observed in the interaction of melittin with the CaATPase and associated lipids in sarcoplasmic reticulum membranes [122] .
Myelin basic protein/myelin proteolipid protein couple
The myelin proteolipid protein (PLP) is a relatively small hydrophobic protein that is thought to traverse the membrane as a four-helix bundle (see e.g., Ref. [123] ). The myelin basic protein (MBP) is of comparable size to PLP, and has little structure in solution, but adopts a-helical and h-sheet conformations on binding to anionic membranes [124] . Together these two proteins constitute~80% of the total protein in CNS myelin, where they are present in roughly equimolar quantities.
Double reconstitutions produced by binding MBP to myr 2 PtdGro membranes that contain PLP, have been used to study the mutual protein-lipid interactions of the myelin integral and peripheral proteins [125] . Fig. 15 (on the left) shows the saturation binding stoichiometry of MBP (per lipid) as a function of PLP content in the membrane. Up to a critical PLP/myr 2 PtdGro ratio, the binding of MBP is undisturbed by the presence of PLP. Beyond this critical content, the saturation binding of MBP decreases roughly linearly with PLP content, reaching zero at a myr 2 PtdGro/ PLP ratio of N 1 c11 mol/mol. The latter corresponds also with the number of lipids N b c11 that are motionally Fig. 15 . Binding of the peripheral myelin basic protein (MBP) to myr 2 PtdGro membranes containing the integral myelin proteolipid protein (PLP). A critical number of lipids, N c per PLP that is indicated by the dark grey area, is required for undisturbed surface binding of MBP (right-side schematic). For total number of lipids per PLP n t bN c (mol/mol), MBP binding decreases approximately linearly with 1/n t , reaching zero at a total lipid/PLP ratio n t =N 1 (mol/mol) (left-side plot) (data from Ref. [125] ).
restricted by PLP alone [35] . Apparently, this first boundary shell of lipids is unavailable for binding to MBP, once the PLP density in the membrane exceeds a critical value. The critical PLP content corresponds to a myr 2 PtdGro/PLP ratio of N c c37 mol/mol. This also corresponds to the number of lipids interacting with MBP at surface saturation: 36 myr 2 PtdGro/MBP [126] . Therefore, the minimum critical area of lipid surface between PLP assemblies that is required for undisturbed binding of MBP is comparable to the size of the basic protein itself. This simple situation of mutual steric exclusion between the two proteins is illustrated schematically on the right of Fig. 15 . A phenomenological description of the decrease in MBP binding stoichiometry is possible, if proportionality to the total fraction of available lipids, viz., (n t ÀN 1 )/n t , is assumed. This leads to the following expression [125] :
where (MBP/L) o is the binding stoichiometry to myr 2 PtdGro in the absence of PLP, and results in the functional dependence shown by the solid lines in Fig. 15 . Accompanying the mutual steric exclusion, saturation binding of MBP causes a 30-40% reduction in the stoichiometry of lipids interacting with PLP. This suggests that MBP disturbs the interaction of lipids with the intramembranous portion of PLP, quite possibly by means of the short membrane-penetrant portions of the peripheral protein. Unlike cytochrome c, MBP interacts directly with the lipid chains to a limited extent, in addition to the surface electrostatic association (see Ref. [126] ). In this respect MBP resembles the precursor protein apocytochrome c [117] . This behaviour contrasts strongly with that of the cytochrome c/cytochrome oxidase couple, where binding of the peripheral protein enhances the motional restriction of the lipid shells surrounding the integral protein. Both this, and the striking difference in the influence of the integral protein on the extent that the peripheral protein binds, can be attributed to the difference in relative sizes of the partner proteins. The ratio of the number of lipids binding to MBP to the number of firstshell lipids motionally restricted by PLP is 36/11~3, whereas the corresponding ratio for cytochrome c and cytochrome oxidase is 9/55~0.2. With decreasing lipid content, steric interactions between cytochrome oxidase molecules become limiting before these can affect the binding of cytochrome c appreciably (indeed, for efficient electron transfer cytochrome oxidase must be fully accessible to cytochrome c at the rather high protein packing densities of the mitochondrial inner membrane).
In addition to steric exclusion between the two myelin proteins, there are also other mutual influences on the lipid-protein interactions. 2 PtdGro/PLP ratio of 25:1 mol/mol, the weakening of the MBP-myr 2 PtdGro interaction is mostly a consequence of the reduced binding of MBP (cf. Fig. 15 ). At the lower myr 2 PtdGro/PLP ratio, the lipid perturbation is reduced less, in spite of further decrease in MBP binding. This undoubtedly results from a mutual reinforcing of the lipid perturbation by both PLP and MBP, at high protein/ lipid ratios. Notably, this latter effect is reduced considerably at higher ionic strength (100 mM NaCl), when binding of MBP is less. Table 11 gives the effect of MBP binding on the selectivity of lipid interactions with PLP. Selectivities of interaction with PLP (i.e., K r /K r PC ) are reduced for all spinlabelled lipids by binding of MBP, particularly for the negatively charged lipids. This weakening of the selectivity and modification of the selectivity ranking can be understood as a direct competition for the lipids by the two proteins. The relative association constants, K r , for interaction of lipids with PLP that are given in Table 11 are defined relative to myr 2 PtdGro as standard state in one case, but relative to myr 2 PtdGro with MBP bound in the other.
It therefore seems that MBP and PLP (unlike cytochrome c and cytochrome oxidase) probably act independently, rather than synergistically, in their role in the compaction of nerve myelin. In particular, the double reconstitutions offer little evidence for the direct binding of MBP to PLP that has been suggested in some models.
Chain-linked avidin/proteolipid interactions
Interactions of protein-linked lipid chains with transmembrane proteins have been studied by using avidin/ biotin-PtdEtn conjugates in membranes containing the myelin proteolipid [127] . Proteolipid (PLP or DM-20) was reconstituted in dimyristoyl phosphatidylcholine (myr 2 PtdCho) membranes in which ca. 1 mol% biotinPtdEtn spin-label was incorporated and bound by saturating quantities of avidin. Motionally restricted proteinlinked chains were detected and quantitated by EPR spectroscopy. Values are given for different ionic strengths (NaCl) of the suspending medium and T=30 8C. Data from Ref. [125] .
Data given in Table 12 show that spin-labelled biotinPtdEtn alone displays a selectivity over phosphatidylcholine for interaction with the proteolipid protein. In part, this may be because biotin-PtdEtn is a negatively charged lipid. Saturation binding of avidin to the biotin-PtdEtn headgroups has rather dramatic effects that at first sight are perhaps somewhat surprising. It leads to a very substantial increase in the population of motionally restricted biotin-PtdEtn chains (see Table 12 ). Approximately 80% of the avidin-linked chains are restricted in membranes with a myr 2 PtdCho/PLP molar ratio of n t =37:1. This increased population, however, exhibits a lesser degree of chain motional restriction than is typical for first-shell boundary lipids, because it displays a steeper temperature dependence [127] .
The relatively high effective stoichiometry of interaction can be explained when allowance is made for the closest interaction distance between the lipid-anchored avidin tetramer and the transmembrane proteolipid hexamers, without any specific interaction between the two types of membrane-associated proteins. As Fig. 16 indicates, the PLP hexamer and avidin tetramer are of comparable cross-sectional area, and the biotin-lipid binding sites are offset from the PLP-lipid interface by r p c2.5 nm [128] . At this distance, the number of lipids per PLP monomer that can be accommodated around the perimeter of the hexamer is given by the following extension of Eq. (5) [127] :
where n agg =6 is the aggregation number, and n a =4 is the number of transmembrane helices per monomer, for PLP. This yields 15 perimeter lipids/monomer as compared with ca. 10 at the true boundary layer. In addition, the region of lipid bilayer that lies within this extended perimeter is inaccessible to the avidin-linked chains. This region corresponds to approximately half the cross-sectional area of avidin, i.e., to approximately 25 lipids per avidin tetramer, which translates into approximately 17 lipids per PLP monomer (see Refs. [107, 127] ). The effective lipid/ protein ratio bseenQ by the avidin-linked chains is reduced by this amount, and therefore the fraction of perimeter chains is given by f=15/(n t À17)=0.75. This is close to the experimental values of f for 14-BPtdEtnSL that are given in Table 12 . One may therefore conclude that, after the geometric extent of the lipid-anchored avidin is taken into account, it displays little selective interaction with the transmembrane proteolipid. A major consequence of the above interpretation of the increased stoichiometry is that the avidin-linked chains are somewhat removed from the innermost protein-lipid interface. Nevertheless, their mobility is very markedly reduced relative to that in lipid membranes without transmembrane protein, although to a lesser extent than for freely diffusible first-shell lipids. The effects on the lipid chains of anchoring to avidin (which was discussed earlier in Section 4.4) render them far more susceptible to interactions and perturbations within the lipid matrix. This is demonstrated here by the interactions with an integral protein, but conceivably may Data from Ref. [127] . a Avidin has no effect on 14-PtdChoSL in myr 2 PtdCho membranes. b DM-20 is the isoform of PLP in which residues 116-150 are deleted. K r is normalised to the corresponding value, K r PC , for spin-labelled phosphatidylcholine. DDG L is the increase in free energy of lipid association on binding MBP. Data from Ref. [125] . also extend to interactions with membrane lipids, in particular with the putative raft components sphingolipids and cholesterol.
Conclusions on protein couples
The interactions between the two peripheral/integral protein couples considered here differ greatly, being determined by the relative size of the two protein partners, and possibly also by their functional roles. Cytochrome c is much smaller than cytochrome oxidase and acts as a substrate of this multi-subunit redox-enzyme complex. The cytochrome associates intimately with its oxidase partner and both reinforces and propagates the influence of the integral protein on the chains of the surrounding lipids. Myelin basic protein and proteolipid protein are comparable in size and have a structural role in the compaction of nerve myelin. The interaction between these two membrane proteins is principally one of mutual steric exclusion. Although the interaction of avidin with the myelin proteolipid protein appears to be one of steric exclusion, the anchoring chains attached to avidin strongly sense the influence of the somewhat remote transmembrane sectors of the proteolipid protein. The above examples of synergistic interactions provide two rather different mechanisms for propagating lipid interactions induced by transmembrane proteins. Both are protein-driven and involve neither specifically cholesterol nor gel-phase lipid (cf. Ref. [129] ). Nonetheless, both potentially could stabilise membrane microdomains and hence be operative in formation of putative sphingolipid membrane rafts [130] .
Conclusion and outlook
Magnetic resonance methods, particularly those of spinlabel EPR, continue to yield unique information on structural, dynamic and thermodynamic aspects of lipid-protein interactions, in membrane systems of increasing complexity. Crystal structures at higher resolution, and with improved refinement, should be able to settle open questions regarding conformational heterogeneity and specific versus nonspecific lipid association sites on the protein. In the future, increasing application of molecular dynamics simulations also should help further to resolve the potential dichotomy between dynamic membranes and static crystal structures.
